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Introduction
Water is a key molecule in the atmospheres of oxygen-rich stars of spectral type late M and cooler. It is one of the most abundant molecules and it is a dominant source of opacity in the infrared. Therefore, it plays an important role both for the photospheric structure and the appearance of infrared spectra. To different degrees it dominates the spectra of brown dwarfs, M-dwarfs and Mira variable stars. Water lines and bands seem to be a common feature of M supergiants and M giants (see for example Tsuji et al. 1997 Tsuji et al. , 1998 Yamamura et al. 1999; Tsuji 2000a Tsuji ,b, 2001a Verhoelst et al. 2003) . While hydrostatic and homogeneous models of stellar atmospheres do not predict water vapor spectral features for stars hotter than late M-type, the existence of water vapor in mid-K to early-M giants was observed from medium-resolution (R = λ/∆λ ≈ 1600), near-infrared spectra recorded by the Infrared Space Observatory (ISO) (Tsuji et al. 1997; Tsuji 2000b Tsuji , 2001b . These features are attributed to a static, warm, molecular layer situated within a few stellar radii beyond, and dynamically detached from, the photosphere -an empirical concept known as a MOLsphere(see Tsuji et al. 1997 Tsuji et al. , 1998 Tsuji 2000b; Matsuura et al. 1999 ) -but distinct from the cool, expanding circumstellar envelope. The water vapor, at temperatures of 1000-2000 K (Tsuji et al. 1997) , results in non-photospheric signatures in infrared spectra of M giants. The notion of a molecular layer (MOLsphere) has been used in several cases to explain discrepancies between synthetic spectra and near-infrared observations of late K and M giants and supergiants showing water-vapor features.
Further, mid-infrared spectra with a spectral resolution of R ≈ 80, 000 revealed water vapor signatures in even warmer stars, such as Arcturus, a K2IIIp giant (Ryde et al. 2002 (Ryde et al. , 2003a . This is the warmest star yet with water vapor features in its disk-averaged spectrum, and it is indeed a surprising discovery. Thus, the presence of water vapor in the spectra of K and M stars is now well established (Tsuji 2003) .
In their analysis of the water lines in Arcturus, Ryde et al. (2002 Ryde et al. ( , 2003b argued that the water vapor is photospheric and not circumstellar. The line widths of the water vapor lines match those of the OH lines that are definitely formed in the photosphere (see the discussion in Ryde et al. 2002) . No velocity shifts between the water and the OH lines are found. The authors were able to model both the water vapor lines and the OH lines of different excitation by one photospheric model after cooling the temperature structure of the outermost layers to lower than that calculated by a standard model photosphere. The later model requires that the flux is conserved through every layer of the modeled star; at the cooler temperatures, water vapor forms. A further discussion on possible causes for the presence of the water vapor lines is also given. Thus, Ryde et al. (2002) suggest that these lines are formed in the photosphere of the star and that, in order to model these lines, hydrostatic, homogeneous model photospheres assuming Local Thermodynamic Equilibrium (LTE) are inadequate. Standard models of the outer photospheres of giants and supergiants omit potentially important physics, such as inhomogeneities that result from large convective motions and the break-down of the assumption of LTE in the calculation of the physical structure of the photosphere.
A challenge to the current understanding of the MOLspheres surrounding M supergiants, are the high-resolution, mid-infrared spectra at 12 µm of the M1-M2 Ia-Iab supergiant Betelgeuse presented by Ryde et al. (2006) . They show that neither published MOLsphere models, introduced to account for other observations of Betelgeuse, nor a synthetic spectrum calculated on the basis of a classical model photosphere at the often assumed effective temperature for Betelgeuse, match their spectra. However, with the uncertainties in the outer regions of the photospheric models in mind, they are able to model the lines with a cooler temperature structure in the line-forming regions. This is the same sort of explanation as they invoked for the existence of water vapor in the spectrum of Arcturus, a star that has no evidence of a MOLsphere. Thus, they argue that it is not necessary to introduce a MOLsphere in order to reasonably explain the 12 µm lines in the spectrum of Betelgeuse. It should be noted that no definitive solution is presented as to the origin of the 12 µm lines that also can explain water-vapor signatures at other wavelengths in the spectrum of Betelgeuse.
To summarize, the location -whether photospheric or circumstellar -and the origin of the water vapor signatures found in a range of K and M giants and supergiants are not clearly and consistently established. However, it is clear that a growing body of spectroscopic data for a range of red giants and supergiants suggests that classical model atmospheres are inadequate (Tsuji 2003) . It is unclear whether the water vapor features have a common origin across the range of stars and wavelengths observed. In this present paper, we present observations of the M1-M2 Ia supergiant µ Cep, a prototypical MOLsphere case. Danielson et al. (1965) suggested that spectral signatures in absorption of vibrationalrotational bands at 1.4 µm (mostly ν 1 ν 2 ν 3 = 101 − 000 transitions) and 1.9 µm (ν 1 ν 2 ν 3 = 011 − 000) in low-resolution observations of µ Cep made with the Stratoscope II telescope were due to water vapor. This suggestion of stellar water vapor was, however, overlooked until it was confirmed by Tsuji (2000b) , who in Tsuji (2000a) also found evidence for water vapor absorption at 2.7 µm (ν 1 and ν 3 fundamental vibrational-rotational bands). Furthermore, ISO data analysed by Tsuji (2000a) show evidence of water vapor in emission at 6.3 µm (ν 2 fundamental vibrational-rotational band) and at 40 µm (pure rotational lines). Thus, the 1.4, 1.9, and 2.7 µm features are seen in absorption, whereas the 6.3 and 40 µm features are detected in emission. Tsuji (2000a Tsuji ( , 2003 shows, in an intuitive interpretation of the observed data, that this can be achieved and explained elegantly in an optically thick MOLsphere consisting of water vapor. For wavelengths shorter than 5 µm this layer causes absorption while at longer wavelengths the geometrical extension of the water vapor sphere leads to emission, see also Figure 1 . This layer is approximately one stellar radius beyond the photosphere, has an excitation temperature of 1500 K and a column density of
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20 cm −2 (Tsuji 2000b (Tsuji , 2003 . The temperature of this layer is intermediate between the hot chromosphere and the cold circumstellar matter. The water molecules in the layer are not thought to be of photospheric origin, but rather formed at a distance beyond the photosphere and absent beneath the layer. Perrin et al. (2005) corroborate the idea of molecular layers around µ Cep, based on an analysis and modeling of narrow-band spatial interferometry in the K band.
The first authors to publish observations of stellar 12 µm lines of water vapor were, to our knowledge, Jennings and Sada (1998) in spectra of Betelgeuse and Antares at a resolution of R ≈ 8000. The 12 µm pure rotational lines have previously not been observed for the supergiant µ Cep, and the interesting question arose as to how these water lines would behave, whether they are in absorption or in emission.
If the MOLsphere scenario with its optically thick water vapor lines is correct, then these lines ought to be in emission, like the 6.3 and 40 µm features, assuming that the lines are optically thick, see Fig. 1 . In a photospheric scenario without a major MOLsphere, they would more likely be in absorption. An obvious third possibility is a mixed case of contributions from two components, i.e. a variation of the MOLsphere in which it contributes optically thin emission that weakens the photospheric absorption lines.
In order to investigate the optical depths of water vapor lines from the isothermal MOLsphere, we calculate their optical depths from line data taken from the water vapor line-list of Partridge and Schwenke (1997) and the model parameters in Tsuji (2002b Tsuji ( , 2003 . At line center, ν 0 , assuming a thermally broadened line with a characteristic line width of
where N col is the column density of water vapor, U is the partition function of water vapor and has a value of 2713 for a temperature of 1500 K (Partridge and Schwenke 1997) , and χ is the excitation energy of the level. In Figure 2 we plot this optical depth for water vapor from 1 to 77 µm. From the figure we can immediately see that there are optically thick water vapor lines in all wavelength bands, in agreement with the conclusion of Tsuji (2000b Tsuji ( , 2003 . In particular, many 12 µm lines are optically very thick. As an illustration, from Eq. 1 and using line data presented in Table 2 , we see that τ 
Observations and data reduction
Our observations of µ Cep were made with TEXES, the Texas Echelon-cross-Echelle Spectrograph , at the IRTF. The observations were made at the start of the night of Dec 2, 2000 (UT) to confirm the telescope focus and registration of the telescope acquisition camera with the TEXES entrance slit for subsequent science targets.
We observed in the TEXES high spectral resolution mode. The spectral resolution, as determined by Gaussian fits to telluric atmospheric lines, has a FWHM equivalent to R = 65000 or 4.6 km s −1 . The slit width was 1.5 ′′ and the length 8 ′′ . The cross-dispersed spectrum included 9 separate orders covering the spectral range from 813.59 cm −1 to 819.48 cm −1 . We used telluric lines to determine that our wavelength scale is accurate to 0.4 ± 0.6 km s −1 . At this setting, the individual spectral orders are larger than the 256 2 pixel detector, resulting in slight gaps in the final, extracted spectrum.
Two data files were saved to disk. Each file consists of 16 nod-pairs where we nodded 10 ′′ North-South to take the target completely off the slit. We integrated for 2 seconds on either side of the nod. On later TEXES observation runs, we found this pattern to be quite inefficient and now integrate 6-8 seconds before nodding the telescope. Total integration time for µ Cep is 64 seconds.
Before each data file, we observed a calibration sequence consisting of an ambient temperature blackbody, a low emissivity surface, and blank sky. Subtracting sky from the blackbody provides a telluric absorption spectrum suitable for establishing the wavelength scale. Furthermore, the black-sky difference frame gives an approximate correction for telluric interference; if the sky, telescope, and instrument optics were all at a single uniform temperature, then dividing by the black-sky difference would, in theory, perfectly correct for telluric absorption.
We reduced the data according to standard procedures described in Lacy et al. (2002) . The spectra were extracted using the spatial profile along the slit for each file. Data from the two files were then combined with weighting according to the effective integration time (the square of the signal-to-noise ratio).
In each order we fitted a 5 th order polynomial to normalize the continuum. Spectral regions with stellar and telluric features were given low weight in the fit. We expect any systematic uncertainties in the polynomial fits to reduce the equivalent widths determined by roughly 10% (Ryde et al. 2006 ).
The observed spectra of µ Cep
In Figures 3 and 4 we show our recorded spectrum of µ Cep, shifted to the laboratory frame. The orders of the spectrometer are shown by the vertical lines. Four water line features are clearly detected, namely those at 815.90 cm −1 (a pure rotational line within the first excited vibrational state, ν 2 ), 816.15 − 816.19 cm −1 (also pure rotational lines within the first excited vibrational state, ν 2 ), 816.69 cm −1 (a rotational line within the ground state), and the two lines at 818.42 cm −1 (also rotational lines within the ground state). Two OH lines of a quartet are also identified. Three of these lie within the wavelength range observed. One of these (814.7 µm) and the water lines at 815.3, 816.45, and 817.15 µm have not been identified, most probably because of problems with sky subtraction and noise, and the difficulties in the continuum subtraction. In Tables 1 and 2 we give the observational data measured from these spectra. Although we have measured only very few lines, the lines are found to be shifted by the same amount, namely ∆v OH = 23.9±1.4 km s −1 and ∆v water = 21.3 ± 1.1 km s −1 in the frame of the observer. 
The modelling of the spectra of µ Cep
We have modeled the photospheric spectrum at 12 µm of µ Cep and a spectrum generated by a MOLsphere surrounding the star. µ Cep is not identical to Betelgeuse but is a supergiant resembling Betelgeuse (Tsuji 2000b; Verhoelst et al. 2006) . Therefore, we have used our photospheric model of Betelgeuse, as presented in Ryde et al. (2006) as a typical supergiant model to which our data will be compared. We assume that this model is a reasonable representation of the photosphere of µ Cep.
The model photosphere we used was calculated with the marcs code (Gustafsson et al. 2003) . These hydrostatic, spherical model photospheres are computed assuming LTE, chemical equilibrium, homogeneity, and the conservation of the total flux (radiative plus convective; the convective flux being computed using the mixing length recipe). The radiation field used in the model generation is calculated with absorption from atoms and molecules by opacity sampling at approximately 95 000 wavelength points over the wavelength range 1300Å-20 µm. The models are calculated with 56 depth points from a Rosseland optical depth of log τ Ross = 2.0 out to log τ Ross = −5.0, which in our case corresponds to an optical depth evaluated at 500 nm of log τ 500 = −4.1. The physical height above the log τ Ross = 0 layer of this outermost point is 2.8 × 10
12 cm or 6% of the stellar radius. Extending the model out to τ Ross = −5.6 affects the water-vapor lines only marginally.
Our stellar parameters, used as input for the model photosphere calculation are T eff = 3600 K, log g = 0.0, solar metallicity (except for the C, N, and O abundances), M = 15 M ⊙ (implying R = 650 R ⊙ ), ξ micro = 4 km s −1 (microturbulence) and ξ macro = 7 km s −1 (macroturbulence). As a comparison Levesque et al. (2005) deduce an effective temperature of 3700 K for µ Cep and find a log g = −0.5. The C, N, and O abundances are A C = 8.29 1 , A N = 8.37, and A O = 8.52. The decreased carbon abundance and the increased nitrogen abundance compared to solar values are consistent with signatures of the expected first dredge-up which massive stars like Betelgeuse and µ Cep experience. The signatures are those of CN-cycled material which affects the surface abundances since the convective envelope of the star during the first dredge-up reaches down to nuclear-processed regions of the interior (Lambert et al. 1984) . The most abundant molecules in the deep atmosphere are molecular hydrogen, CO, OH, CN, and CH. Above the layer defined by log τ Rosseland = −1, water starts to form and its abundance becomes greater than that of CN and CH.
The isothermal, spherical MOLsphere, assumed to be in LTE, is characterized by an inner and an outer radius, a single temperature, and a column density of water vapor.
The parameters of the MOLsphere of µ Cep that we have used are those discussed by Tsuji (2000a) , namely T = 1500 K, R in = 2 R ⋆ , R out = 4 R ⋆ , and N col = 3×10 20 cm −1 . The density in the levitated MOLsphere is assumed to be in hydrostatic equilibrium in the gravity field of the star (Tsuji 2000a) , thus in some unknown way being supported at the inner radius. The density structure decreases almost exponentially outwards from the inner boundary with a scale height which is very much smaller than the shell thickness. We have further assumed a microturbulence velocity in the MOLsphere of 4 km s −1 and introduced a macroturbulence of v D = 7 km s −1 , with which we convolve the synthetic spectrum. The background flux shining onto the MOLsphere is given by the synthetic spectrum based on our photosphere (T eff = 3600 K).
The synthetic spectra of the photosphere and MOLsphere were calculated for points on the spectrum separated by ∆ν ∼ 1 km s −1 (corresponding to a resolution ofν/∆ν ∼ 300 000) even though the final resolution is lower. In the radiative transfer calculation of the MOLsphere component we use 22 rays on the stellar disk, and 53 shells around the star. Our models (both the model photosphere and MOLsphere, and the synthetic spectra based on them) are calculated in spherical geometry. The photosphere has a modeled extension (∆R atm /R ⋆ ) of approximately 5%. Calculations in spherical symmetry will generally tend to decrease the strengths of strong lines in the mid-and far-infrared. In extreme cases even photospheric emission may appear. The reason for this is that an extended photosphere will occupy a larger solid angle at line wavelengths where the total opacity is large. This will result in a larger flux at line centers and therefore weaker lines than those resulting from calculations in plane-parallel geometry. A MOLsphere will naturally cause emission in optically thick lines due to its large geometrical size.
The line list in our calculation of the photospheric synthetic spectra is described in Ryde et al. (2002) and is based on the work by Polyansky et al. (1996 Polyansky et al. ( , 1997 . The wavelengths of the lines in the list are sufficiently accurate for the resolution of the observations. However, only the strongest lines are included. For the temperatures in our model photosphere only the strongest lines do indeed emerge, thus justifying the use of the line list. The data of the water lines in the calculation of the MOLsphere are, however, taken from the line-list of Partridge and Schwenke (1997), which is more complete than the one used for the photospheric spectrum, but the wavelengths are not as accurate as those used for the photosphere. For the cold temperature of the MOLsphere a completeness of the line list is more important than the accuracy of the wavelengths of the lines. The continuous opacities in the MOLsphere from H − free-free (ff) and H ff are included in our calculation.
Following Tsuji (1978 Tsuji ( , 2003 we assume an optically thin dust envelope with τ 10 µm = 0.1, that contributes only continuous emission veiling the photospheric line spectrum. Assuming a distance of approximately 390 ± 140 pc (Perrin et al. 2005) , the slit corresponds to (9 ± 3) × 10 15 cm, which corresponds to approximately 200 stellar radii on the sky. Contrary to the case of Betelgeuse, which lies approximately three times closer to us, we here assume that the entire dust envelope is within the slit and that all dust emission is recorded (cf. the discussion by Ryde et al. 2006) . From the ISO low-resolution 2-40 µm data and the continuum from a classical model photosphere presented in Tsuji (2003) , we have estimated the dust contribution at 12 µm to be f thin dust = (Flux star+dust − Flux star )/(Flux star+dust ) = 77% which is the value we use. Note, however, that this value is uncertain and will affect the lines strengths directly.
Discussion
In addition to the OH lines in absorption, we have observed and identified four clear absorption features due to rotational transitions of water vapor at 12 µm from the supergiant µ Cep. On the basis of the MOLsphere scenario we expected the water lines to be in emission. The interpretation of these lines is not straight-forward.
The observed absorption lines at 12 µm leads us to two separate complications associated with the formation of the water lines at 12 µm. First, the model, proposed in this Section, that fits the spectra implies cooler regions in the outer photosphere where the lines are formed compared to what is expected from a classical model photosphere. The line velocities, widths and depths are evidence for a photospheric origin of the water absorption, but the model photosphere needed for the outer regions does not fulfill the assumptions of a classical model photosphere. The proposed reasons for the break-down of the classical assumptions are an inhomogeneous photosphere, or non-LTE conditions. Second, why water-vapor lines show up in emission at 6.3 and 40 µm but not at 12 µm is unexplained, but this fact should contain a clue to the atmospheric environment of µ Cep and further modelling and discussion of these features is needed. It can neither be explained by a simple photosphere with a cooler outer structure, since that predicts all water lines across the spectrum to be in absorption, nor can it be explained by an optically thick, isothermal MOLsphere. Therefore, it would be of great interest to try to understand the 12 µm spectra combined with all other spectroscopic water vapor data and interferometric data, and try to explain them all in terms of a consistent, unified picture, since µ Cep is a prototypical MOLsphere case (Tsuji 2000a) . A consistent scenario which can account for the water-vapor features and the nature of water in supergiants is lacking.
Some sort of non-classical atmosphere is clearly needed, but the challenge to explain all features in one model still prevails.
A cooler outer photosphere?
In Figures 3 and 4 we have also plotted our model spectra based on a photosphere of an effective temperature of 3600 K, the assumed temperature of µ Cep. The spectrum includes the contribution of the optically thin dust emission. While we see from the figures that the OH quartet, unfortunately represented by only one clean line, is quite well modeled with our combined photospheric and optically-thin dust model, the water vapor lines show stronger absorption than one would expect from a classical model photosphere. Changing the effective temperature of the model photosphere by ±100 K affects the equivalent widths of the water-vapor lines by approximately ±50%, and an increase of log g by 0.3 dex increases the lines' strengths by approximately 40%, far from what is needed to model the observed absorption lines.
The water vapor lines and OH lines both depend on the partial pressure of oxygen in the same way. However, the lines of these two molecules react differently to a change in temperature. In order to fit the water lines, a photospheric model of an effective temperature of 3250 K is needed. A synthetic spectrum based on such a cold model is plotted in the figures as well. The fit is very good for both the OH and the various water vapor lines. It should be noted, however, that there is not a very large range in excitation energies of the water lines (1.014 − 1.150 eV). Ideally, a test of a model structure would include lines of different excitations. The cooler model of 3250 K was also used for the similar case of Betelgeuse in order to model 12 µm spectra (Ryde et al. 2006) . These authors discuss the details of this model, such as the differences in C, N, and O abundances between the models.
An effective temperature of 3250 K is out of the range of possible temperatures for µ Cep. As mentioned in Section 1, a way of interpreting the cold temperature structure that fits the 12 µm lines, is that classical models fail to describe relevant physical features such as inhomogeneities, structures not in LTE, etc in supergiants. The colder structure could be representing cold convectional elements in an inhomogeneous photosphere. Alternatively, the cooler model could be simulating a colder outer photosphere in the regions where the water-vapor lines are formed. It would, therefore, be interesting to investigate the influence of inhomogeneities due to convection on the water-vapor lines and the detailed effects on the spectra of a change of the outermost atmospheric structure, which is known to be uncertain. We will address these questions in a forthcoming paper.
The turbulent line-widths of the 12 µm lines and the OH lines (which are resolved at R = 65000 or 4.6 km s −1 ) are of the same order in both µ Cep and Betelgeuse. Apart from the different amounts of circumstellar dust, these two supergiants seem to behave in the same way concerning the 12 µm lines. As was discussed in Ryde et al. (2006) the line widths in Betelgeuse indicated a photospheric origin. Furthermore, there is no significant velocity shift between the OH and the water vapor lines. This finding is similar to what we found for other stars we have analysed; Arcturus (K1.5III, Ryde et al. 2002) and Betelgeuse (M1-2 Ia-Iab, Ryde et al. 2006) . Thus, based on their line widths and velocities, the observed 12 µm lines in µ Cep look like photospheric absorption lines. As a note, if the 12 µm lines were formed in a MOLsphere, this water layer would need to have large turbulent velocities and no expansion velocity.
To summarize, a photosphere with a non-classical outer structure is able to describe the mid-infrared spectra, both the OH and water vapor lines. Furthermore, the lack of velocity shifts and the line widths are nicely explained. However, this explanation does not explain other infrared and interferometric data (Perrin et al. 2005) . Thus, the simple photosphere with a cooler outer structure can not explain all observed features since that model predicts all water lines across the spectrum to be in absorption.
A modified MOLsphere?
As we have noted, earlier investigations of µ Cep have shown that vibrational-rotational water-vapor bands in the near-infrared are formed in absorption while the vibrationalrotational ν 2 band at 6.3 µm and the rotational lines at 40 µm are observed in emission (Tsuji 2000b ). This behavior is explained with an optically thick, isothermal MOLsphere consisting of water vapor (Tsuji 2000b) . To directly fit into this MOLsphere concept with optically thick lines, the rotational lines at 12 µm are expected to be in emission too. We now see the opposite. Figure 5 shows the result of a calculation of the MOLsphere for µ Cep, which clearly does not explain the observed spectrum.
How can we modify the MOLsphere model so that it better predicts the 12 µm lines? We have not solved this problem, but we discuss a few suggestions here.
• From Figure 1 we see directly that, assuming that the lines are optically thick, it would be possible to construct a MOLsphere that would give absorption lines at 12 µm by changing the size of the modeled molecular layer. This effect is also explained nicely by Ohnaka (2004) . This change would, however, at the same time lead to the 6 µm lines also being in absorption, which is not observed (Tsuji 2000a) .
Despite the assumed similarities between the supergiants µ Cep and Betelgeuse, the nature of the observed water vapor is somewhat different, which is discussed by Tsuji (2000a) . Contrary to the case of µ Cep, the ISO spectrum of Betelgeuse shows the ν 2 water band at 6.3 µm in absorption (Tsuji 2000a) . However, the rotational lines at 40 µm in ISO spectra of Betelgeuse could also be interpreted as emission, similar to what is seen in the spectra of µ Cep (Tsuji 2000a) . The mid-infrared spectra of Betelgeuse show rotational lines at 12 µm in absorption (Jennings and Sada 1998; Ryde et al. 2006) , similar to our µ Cep observations. Thus, the two stars show some differences in the nature of the water assumed to be surrounding them. Tsuji (2000a) suggests that the inner boundary of the surrounding assumed water-vapor envelope is closer to the star in the case of Betelgeuse, which could explain that the 6.3 µm data are in absorption and not the 40 µm features. However, the MOLsphere suggested by Tsuji (2000a) does not fit the high-resolution spectra at 12 µm either (Ryde et al. 2006) .
• The MOLsphere model is based on the assumption that the relative strengths of the different water lines and bands are given by the excitation temperature of T ex = 1500 K through a Boltzmann distribution affecting their opacities. This may, however, be questionable. For example, Hinkle and Lambert (1975) show, for diatomic molecules, that even in the outer regions of a photosphere of a supergiant like α Ori, collisions are not dominant over radiative processes for vibration-rotational transitions. In the case of water-vapor, the relevant rotational transitions have very strong transition probabilities, even stronger than the probabilities of relevant vibration-rotation lines. This means that radiation may well be the dominant transition process, leading to scattering by water-vapor lines. If scattering in the optically-thick lines is allowed for, absorption may be the result. All line photons will be scattered and eventually a fraction of these will be absorbed by the medium, implying that fewer photons escape. However, this process has to differentiate between the long-wavelength rotational lines which are seen in emission and the rotational lines at 12 µm which are seen in absorption. Also, light from the surrounding dust, which shines strongly at 12 µm, will be scattered by the 12 µm lines and has to be incorporated. Thus, a full non-LTE analysis of a water vapor layer in the radiation field of the star and the dust would have to be performed. This possibility should be tested in future MOLsphere models.
If light resonantly scattered in molecular lines is important, special care has to be taken when comparing spectra from various instruments with different beam sizes. For example, while the slit dimensions of the SWS spectrometer onboard ISO is 14 ′′ × 20 ′′ at 6 µm, the slit of the TEXES spectrometer is 8 ′′ × 1.5 ′′ . More scattered light may therefore be recorded by ISO than by TEXES. This could be an explanation to why ISO measured emission at 6 µm and TEXES absorption at 12 µm.
• Another way of modifying the isothermal MOLsphere interpretation is to allow for temperature gradients. This could be tuned to give absorption lines, but should be physically reasonable. Again, the emission at 6 and 40 µm also has to explained.
Thus, it would be interesting to investigate different implementations and modifications of a MOLsphere lying beyond a calculated photosphere of a generic M supergiant (representing the cases of µ Cep and Betelgeuse) or a semiempirical model photosphere, and to test these against all available data.
Conclusions
We have pointed to the accumulating amount of independent evidence for the existence of water vapor in K and M giants and supergiants. Explaining existing water lines, bands, and interferometric data of supergiants appears, however, to be a challenge. In order to understand the origin of the unexpected water vapor, it seems that we have to go beyond classical modelling, be it a MOLsphere scenario, models relaxing the assumptions of homogeneity and LTE, or both. No consistent unified model, which can without modifications account for all available data, exists today.
µ Cep is a test bench for the MOLsphere concept, introduced to explain a range of unexplained observational features, both interferometric and spectroscopic, albeit at low spectral resolution. The new high-resolution, spectroscopic water-vapor 12 µm data presented here do not fit into the current MOLsphere model that can explain other infrared and interferometric data of µ Cep. In a non-modified, optically-thick version, the 12 µm lines were expected to be in emission, but the opposite is found. Furthermore, a pure photospheric model predicts much too weak absorption lines for the effective temperature expected for the supergiant. We show that a photosphere with a cooler temperature structure in the line-forming regions of the 12 µm lines is able to fit the spectra, possibly providing a clue to their origin. This indicates that a cooler structure due to, for instance, convective motions, can explain the recorded water-vapour and OH lines. A problem is that this model does not account for the emission at 6 µm.
Thus, a consistent picture is still lacking. It is time for more elaborate modelling and to acquire more high-quality data, especially high-resolution infrared spectra of, for example, the 1.4, 1.9, 2.7, 6.3, and 40 µm wavelength regions. Furthermore, measurements with the Atacama Large Millimeter Array (ALMA) at frequencies of 100-700 GHz will be able to resolve scales at which the MOLsphere should show up. Interferometric observations of the angular diameter as a function of frequency will reveal the nature of the MOLspheres, their existence and their density structure. Note, however, that for µ Cep the spatial scales of ALMA are not as well matched as for Betelgeuse, a star also assumed to have a MOLsphere. Future studies will have to show whether a modified MOLsphere scenario in addition to more sophisticated photospheric models are able to simulate all spectroscopic and interferometric data available. Our new data need to be incorporated in any model or scenario of the atmospheres of µ Cep in particular and of supergiants in general. (Perrin et al. 2005) . Furthermore, the flux from the isothermal MOLsphere is plotted as calculated from a Planck function of 1500 K and assuming a radius of the MOLsphere of approximately two stellar radii. For optically thick lines this gives the flux in the lines. From the figure it is evident that optically thick lines are expected to be in absorption for wavelengths shorter than approximately 5 µm and in emission for longer wavelengths, in accordance with Tsuji (2000a Tsuji ( , 2003 . Fig. 2. -The logarithmic optical depth of water-vapor lines from 1 to 77 µm in the isothermal MOLsphere scenario. The temperature is assumed to be 1500 K and the column density 3 × 10 20 cm −2 (Tsuji 2000b (Tsuji , 2003 . . This spectrum is plotted on the same ordinate scale as the other two spectra. We see that the large, optically thick MOLsphere results in huge emission features which are not seen in the observations. The continuum in the MOLsphere is due to free-free H and H − emission, but this continuous opacity is very small. This leads to an optically very thin continuum in the MOLsphere which means that it is transparent in the continuum. One of the photospheric absorption lines of OH is not fully filled in by water vapor emission. The other two are. Note, that this MOLsphere realization does not include OH lines in the calculation.
